Chemical investigation of the methanol extract of the fertile form of Roccella montagnei collected in Vietnam afforded twelve secondary metabolites, including five new montagnetol derivatives, orsellinylmontagnetols AD (14) and a furanyl derivative (5) together with seven known compounds. Their chemical structures were elucidated by analysis of 1D and 2D NMR and high resolution mass spectroscopic data. The relative stereochemistry of two chiral centers (C-2 and C-3) of 12 was elucidated by comparison of their coupling constants and the specific rotation with those reported in the literature while the absolute stereochemistry was determined by the application of a modified Mosher method for the hydroxy group at C-3 in 1 and 2. The absolute configuration (2R,3S) of the butanetetraol moiety of these compounds is in accordance with that of erythrin, a recognized chemotaxonomic marker of the genus Roccella. Compounds 1, 3, 5, 6, and 8 were evaluated for their cytotoxic activities against four cancer cell lines. Only compound 1 exerted a moderate activity against MCF-7 cell line with an IC 50 value of 68.39 ± 3.46 M.
Introduction
Lichens are symbiotic systems consisting of a mycobiont (the dominating fungal partner), one or more photobionts (algal partner) and a complex microbial consortium comprising a wide array of heterotrophic bacteria and fungi (Grube and Berg, 2009; Spribille et al., 2016) with more than 1,000 specialized metabolites described so far from lichen sources. The majority of secondary metabolites are produced by the fungal partner (Nash, 2008) , and display specific chemical skeletons (StockerWörgotter, 2008; Elix, 2014) . In a given species, quantities and in some cases the nature of these extrolites can be modified according to ecological and physiological conditions (Bialonska and Dayan, 2005; Stocker-Wörgötter, 2008) . Nowadays, innovative analytical techniques help pinpointing new metabolites and streamlining their isolation with high probability to obtain bioactive compounds (Boustie and Grube, 2005) .
Lichens from coastal habitats in Vietnam have seldom been studied chemically. In the course of our systematic research on lichen substances from the Vietnamese biota, we have examined the fertile form of the lichen Roccella montagnei (syn. R. bellangeriana), which occurs in the southern part of Vietnam and that has not yet been studied with chemical and biological methods apart from scarce data obtained by thin layer chromatography (Aptroot and Schumm, 2011) .
Phytochemical studies on lichens Roccella spp. have been conducted over more than one hundred years (Hesse, 1906) showing that these lichens produce a diverse range of metabolites such as meso-erythritol (Huneck and Follmann, 1967) , dibenzofurans (Culberson, 1969; Huneck et al., 1991; 1993; 2001) , chromones (Aberhart and Overton, 1969; Huneck et al., 1972; , Ncontaining compounds (Bohman-Lindgren et Ragnarsson, 1972; Ramakrishnan and Subramanian, 1964) , carbohydrates (Carbonero et al., 2005) , terpenoids (Murty and Subramanian, 1958; 1959) .
Among them, erythrin and lecanoric acid were found in most Roccella species (Tehler et al., 2010) with the former being reported as a principal secondary product reaching up to 7.3% in R. montagnei (Feige et al., 1986; Huneck and Follmann, 1967; Thadhani et al., 2010; Parrot et al., 2015) . The genus Roccella has been recently revised, describing 24 main species which are restricted to coastal habitats (Tehler et al., 2010) .
We herein report on the isolation and structure elucidation of five new compounds, using the Mosher's method to assess their stereochemistry. The cytotoxic activities at the concentration of 100 g/mL against liver hepatocellular carcinoma (HepG2), human lung cancer (NCI-H460), cervical cancer (Hela) and human breast cancer (MCF-7) cell lines were evaluated for five compounds 1, 3, 5, 6, and 8.
Results and discussion
The fertile form of Roccella montagnei thalli were collected on tree barks in Tuy Phong district, Binh Thuan province, Vietnam. A detailed chromatographic fractionation of its methanol extract led to the isolation of five new compounds (15) alongside seven metabolites (612) already described ( Fig. 1 (8) and lecanoric acid (9) are the main markers of R. montagnei (Huneck and Folhman, 1967; Basset et al., 2010; Thadhani et al., 2010 ) and were isolated as major compounds of this lichen. Besides orsellinic acid (11) and methyl orsellinate (12) (Lopes et al., 2008) which correspond to monoaromatic moieties found in many lichens, five new montagnetol derivatives (15) were isolated from R. montagnei. The relative stereochemistry of the two chiral centers, C-2 and C-3 of orsellinylmontagnetols AD was elucidated by comparison of their coupling constants and their specific rotation with those reported in the literature (Basset et al., 2010; Hawkes and Lewis, 1984) while the absolute stereochemistry was determined by the application of a modified Mosher method (Hoye et al., 2007) for a hydroxy group at C-3 in 1 and 2.
Among the new isolated products, the structure of 5, a ring-closure derivative of 6, reveals an unusual structural feature. (H-2) and 3.72 (H-3)] suggested the position at C-2 of the second orsellinyl unit. This attachment was further confirmed by the HMBC correlations of H-2 to C-7'' (δ C 171.9) and of H-1 (δ H 4.91 and 4.74) to C-7' (δ C 172.4). Therefore, the planar structure of 1 could be established as 1,2-di-(2,4-dihydroxy-6-methylbenzoyloxy)-3,4-dihydroxybutane (Fig. 1) . The absolute configurations of C-2 and C-3 of 1 were suggested to be (2R,3S) as in (+)-montagnetol (6) or (+)-erythrin (8) owing to both the compatibility of the positive specific rotation and the coupling constants of the butanetetraol moiety of these compounds (Basset et al., 2010) . This assignment was further supported applying the modified Mosher method (Hoye et al., 2007) . MTPA esters (2S and 2R, respectively) were similar to those of 1 ( Fig. 3 ) suggesting the S absolute configuration for C-3 of 2. Therefore, the absolute configurations (2R,3S) were attributed for 2 as in 1 due to the compatibility of the positive optical rotation, the coupling constants as well as biogenetic considerations. Accordingly, compound 2 was identified as (2R,3S)-1,3-di-(2,4-dihydroxy-6-methylbenzoyloxy)-2,4-dihydroxybutane or orsellinylmontagnetol B.
Tsuda and co-workers stated that the method might be not suitable for compounds without a methyl group at position C-2 or a consecutive chiral center at C-3 (Tsuda et al., 2003) . Since 1 and 2 both lack such a C-2 methyl group and display a consecutive chiral center, the method described by Tsuda does not seem relevant to establish their stereochemistry. However, these limitations do not stand longer with regard to the former publication of this strategy (Yasuhara et al., 1986) and further applications to various chemical scaffolds including MTPA esters of furan derivatives (Kubota et al., 2002) , scalusamide (Tsuda et al., 2005) , and cycloartanes (Wang et al., 2014 ) (see Fig. S1 ).
Analysis of the δ x,y values (see Fig. S1 ) of two geminal protons of two MTPA esters of these mentioned compounds revealed similar results of the Tsuda's method applied to compounds possessing the methyl group at the β-position. Furthermore, calculation of the δ S,R values of MTPA esters of 1 and 2 gave similar values with a negative one for H-3 and positive ones for H 2 -1 and H-2, suggesting that both of them have the same stereochemistry at C-2 and C-3 (see Fig. S2 ). Due to biosynthetic considerations, the absolute configuration of 1 and 2 were strongly supported.
Compound 3 was isolated as a white amorphous powder. Its molecular formula was were also simpler especially in the zone from 3.7 to 5 ppm suggesting the symmetrical structure of 3. Based on the fact that 3 was optically inactive and was isolated from the same biosource, its stereochemistry was supposed to be similar with those of 1 and 2 while the configuration of 2R,3R
or 2S,3S of 3 resulted in its optical activity which was not compatible to that of 3. Complete analysis of the 2D NMR data for 3 resulted in its formulation as (2R,3S)-1,4-di-(2,4-dihydroxy-6-methylbenzoyloxy)-2,3-dihydroxybutane and was named orsellinylmontagnetol C.
Compound 4 was isolated as a white amorphous powder and the molecular formula was established to be C 28 H 28 O 13 based on HRESIMS data suggesting one more C 8 H 7 O 3 unit than 13. (Fig. 2) . The absolute configuration at C-2 and C-3 of 4 was proposed to be (2R,3S) as in 13 due to the positive optical rotation, the coupling constants of carbinol protons and to biosynthetic considerations as well.
However, the optical rotation data appeared close to zero suggesting that 4 might represent a nearly 1:1 mixture of enantiomers (i.e (2R,3S)-and (2S,3R)-1,2,4-tri-(2,4-dihydroxy-6-methylbenzoyloxy)-3-hydroxybutane)) and was named orsellinylmontagnetol D.
Compound 5 was isolated as a white amorphous powder. indicated the attachment of the orsellinyl unit at C-2 which was further confirmed by the HMBC cross-peak of H-2 to C-7'. A suitable candidate that fit the NMR data and especially the HRMS data of 5 possessing one more unsaturated degree and one less water unit than that of 6 would be the ring-closure between two hydroxy groups to yield a five-membered ring as shown in Fig. 1 . This proposed structure was supported by HMBC cross-peaks between proton H-1 to C-4 and vice versa (Fig. 4) . Consequently, the planar structure of 5 was deduced as shown in Fig. 1 with a carbon numbering in accordance to the biogenetic origin discussed below. The relative stereochemistry of 5 was determined by the NOESY correlations. Protons H-1b (δ H 3.94), H-4b (δ H 3.70) and the aromatic methyl 6'-CH 3 showed NOE correlation to each other indicating that they were synfacial. This led to the syn positions of H-1a (δ H 4.10) and H-4a (δ H 4.00). Moreover, H-2 (δ H 5.45) and H-3 (δ H 4.59) showed weak NOESY correlations with H-4a and H-1a, respectively (see Fig. S51 ). In other words, these four protons were in the same orientation, implying that the two oxygenated groups, 2-O-benzoyl and 3-OH, were synfacial (Fig. 4) . Thus, compound 5 could correspond to either (2R,3S)-or (2S,3R)-2-(2,4-dihydroxy-6-methylbenzoyloxy)-3-hydroxytetrahydrofuran. Interestingly, the two hydrogens H-1b (δ H 3.94) and H-4b (δ H 3.70) were up-field shifted compared to hydrogens H-1a (δ H 4.10) and H-4a (δ H 4.00) supporting that H-1b and H-4b are synfacial to the two oxygenated groups, 2-O-benzoyl and 3-OH, respectively. Effects of substituents on 1 H chemical shifts of non-equivalent methylene protons in some tetrahydrofuran derivatives were reported (Mihelich and Hite, 1992; Brovetto and Seoane, 2008; Yoshimatsu et al., 1996; Williams et al., 1984 ) (see Fig. S3 ).
Compound 5 was also treated with (R)-and (S)-MTPA-Cl to afford the (S)-and (R)-MTPA esters (5S and 5R, respectively). Surprisingly, the 1 H NMR spectrum of 5S (Fig. S42) corresponded to a mixture of two regio isomers, (2R,3S,2-S-MTPA,4'-S-MTPA) and (2R,3S,3-S-
MTPA,4'-S-MTPA) leading to the identification of 5 as a mixture of (2R,3S)-2-(2,4-dihydroxy-6-methylbenzoyloxy)-3-hydroxytetrahydrofuran and (2R,3S)-3-(2,4-dihydroxy-6-methylbenzoyloxy)-
2-hydroxytetrahydrofuran, with the ratio of roughly 1:1. While it might seem strange not having detected the 3-O-orsellinyl-tetrahydrofurandiol derivative throughout the extensive NMR spectra acquired from 5, it is worth emphasizing that the tetrahydrofuran-2,3-diol represents a meso moiety.
Therefore, the compounds related to 2-O-orsellinyltetrahydrofurandiol and those related to 3-Oorsellinyltetrahydrofurandiol enter either diastereomeric or enantiomeric relationships. As to the two components described in 5, they indeed represent two enantiomers. The non-null specific optical rotation might be explained by the slight enantiomeric excess observed in NMR. The 1 H NMR spectrum of 5R contained much more crowded signals compared to those of 5S. However, among them, there were some signals somewhat similar to those of 5S. Most likely due to an excessive usage of MTPA-Cl and pyridine, other hydroxy groups in 5 were also MTPA esterified besides the two target alcohol groups (3-OH and 4-OH), forming more diastereomers. Finally, compound 5 was elucidated as shown and was named hydrofurylmontagnetol.
The relative configuration of its two chiral centers C-2 and C3 are conserved as (2R,3S) [or (2S,3R)] similar to D-montagnetol (6) or other montagnetol derivatives (14) suggesting that they have a close relationship. Indeed, 5 could be obtained from 6 via a transesterification prior to its dehydration. Such reactions were already reported to occur in lichens (Duong et al., 2015) .
Likewise, Lobaria scrobiculata contained para-scrobiculin and meta-scrobiculin, the former being the transesterified product of the latter, or vice versa (Elix and Gaul, 1986) . A similar cyclodehydration converting erythritol to a tetrahydrofuran was described and granted a similar stereochemistry (Pavlik et al., 2009 As a polyol, erythritol is assumed to be produced by the photobiont partner (Nash, 2008) . This polyol is substituting lecanoric acid and orsellinic acid to afford large amounts of erythrin and Dmontagnetol, respectively, in Roccella lichens. The minute amounts of orsellinylmontagnetols AD derivatives complicated their detection but orsellinylmontagnetols A (1), B (2) and C (3) could be characterized in a R. montagnei acetone extract by HPLC-DAD (Figs. S5S6) . Other new derivatives were visualized in TLC from fractions obtained from the initial methanol extract (Fig. S4 ) suggesting their native occurrence. The unusual acetylerythritol (7) is thought to be a direct derivative of the known polyol to be produced by many Trentepohliaceae algae (Feige and Kremer, 1980) . Erythritol has been shown to be transferred in large quantities from the photobiont to the mycobiont in intact Roccella lichens and serves as the main transfer substance from the primary producer to its heterotrophic partner in this specific type of the lichen symbiosis (Richardson et al., 1968) . Although erythritol has been shown to be fully biosynthesized by non lichenised fungi (Ingavat et al., 2009) , it is unlikely that this substance is directly synthesized by a mycobiont in the specific circumstances of a lichen symbiosis with a Trentepohlia photobiont with its abundant presence of erythritol pool coming from the photobiont. The source of the derivative acetylerythritol instead remains to be elucidated in further detail. While it is supposed to arise from a modification of erythritol by the fungus, a metabolism switch in the Trentepohlia strain cannot be fully excluded. The stability of this polyol in methanol, and the absence of the acetylerythritol formation in reproducing the purification process support its genuine lichen production.
Despite the rather large quantity (dozens of mg) of new compounds purified in the course of this study, the fact that they were not formerly described in Roccella species might be explained by the unusually large amount of lichen material investigated here. Such new compounds might correspond to previously visualized metabolites (Tehler, 2010) whose identification was so far precluded due to shortage of material. A conclusive evidence for the presence of genuine compounds in lichens could be given by a direct analysis of the lichen thallus, using for instance the recently described DART-MS tool performed from unprocessed lichen material and therefore by passing the artifacts associated with extraction and purification procedures (Le Pogam et al., 2015; . Likewise, emerging Mass Spectroscopy Imaging techniques might provide very informative data about the location of lichen metabolites. Such work is ongoing with tropical Roccella species as some studies revealed the spatial metabolite profiling on briton Roccella species (Parrot et al., 2015) . Additional minor compounds have also to be identified from this lichen and to be discussed for their chemotaxonomic significance along with assays for their bioactivities.
In this study, compounds 1, 3, 5, 6, and 8 were tested at a concentration of 100 g/mL for their cytotoxicity against MCF-7 (breast cancer cell line), HepG2 (liver hepatocellular carcinoma), NCI-H460 (lung cancer cell line), and HeLa (human epithelial cancer) cell lines, using the Sulforhodamine B (SRB) method (Skehan et al., 1990) (Tables S1, S2 ). Only compound 1 exhibited moderate activity against MCF-7 cell line with the IC 50 value (M) of 68.39 ± 3.46 M whilst it showed no activities against NCI-H460 and HeLa cell lines. Other compounds were found inactive.
Experimental

General experimental procedures
The NMR spectra were measured on a Bruker Avance III ( C NMR spectra were referenced to the central peak of CD 3 COCD 3 at δ C 29.4 and of CD 3 SOCD 3 at δ C 39.5.
The HR-ESI-MS were recorded on a Bruker micrOTOF Q-II. TLC was carried out on pre-coated silica gel 60 F 254 or silica gel 60 RP-18 F 254 S (Merck) and spots were visualized by spraying with 10% H 2 SO 4 solution followed by heating. The optical rotations were measured on a Jasco DIP-370 digital polarimeter. The IR spectra were measured on a Shimadzu FTIR-8200 infrared spectrophotometer. The UV spectra were measured on a Perkin Elmer Lambda 25 UV-Vis spectrometer. Gravity column chromatography was performed with silica gel 60 (0.040-0.063 mm, Himedia). HPLC-DAD Shimadzu LC-20AD using a Kinetex C18 HPLC column (2.6 µm, 100 × 4.6 mm, Phenomenex) was coupled with the quadrupole ESI MS analyzer (Advion, U.S.A).
Lichen material
Thalli of the studied lichen were separated from the bark of various trees at Co Thach pagoda, 
Extraction and isolation
The clean, air-dried and ground material (1.7 kg) was extracted by maceration with methanol at ambient temperature and the filtrated solution was concentrated in vacuo to obtain the crude extract (450 g). This crude extract was applied to normal phase silica gel column chromatography, and eluted with a solvent system of n-hexane: ethyl acetate (H:EA) (stepwise, 10:0 to 0:10) to afford fractions, H (10.2 g), EA1 (21.1 g), EA2 (66.1 g), EA3 (29.8 g), and EA4 (64.2 g). The remaining was eluted with methanol to give the methanol extract M (50.4 g).
The fraction EA1 (21.1 g) was applied to silica gel column chromatography to be eluted stepwise with n-hexane: ethyl acetate: acetic acid (H:EA:AcOH, stepwise, 9:1:0.02-0:10:0.02) to grant three sub-fractions EA1. and 10 (9.9 mg).
TLC experiments proving the natural occurrence of compounds 15.
In order to check that the new metabolites were not artifacts of the isolation procedure, the extraction process using acetone was conducted again on a new sample of lichen. A new lichen sample (100 mg) was cut into small pieces and extracted with acetone (5 mL) or methanol (5 mL) at ambient temperature for 24 h. Each filtered solution was blown by a fan at room temperature to afford a concentrated solution (0.5 mL). The acetone extract as well as the EA1 fraction were spotted on an analytical TLC plate and run against acetone solutions of the five new compounds 15 using standard solvent systems (Elix, 2014) 
HPLC experiments proving the natural occurrence of compounds 13
As methanolysis is frequently observed with lichen compounds, an acetone extract of the 
Preparation of (S)-and (R)-MTPA Esters of 1.
(R)-(-) and (S)-(+)-MTPA-Cl (6 μL) and pyridine (3 μL) were separately added to two different aliquots of 1 (each 2 mg) in anhydrous acetone (200 μL). The resulting mixtures were allowed to stand at room temperature for 10 days and were monitored everyday by TLC. The products then were separated by preparative TLC to obtain 1R and 1S. 1S:
(each 2 mg) in 200 μL anhydrous pyridine. The resulting mixtures were allowed to stand at room temperature for 10 days and were monitored everyday by TLC. The products were separated by column chromatography to obtain 5R and 5S. 
Biological assays
Cytotoxic activities of five isolated compounds against the HeLa (human epithelial cancer), HepG2 (liver hepatocellular carcinoma), MCF-7 (human breast cancer), NCI-H460 (human lung cancer) cell lines were performed at the concentration of 100 µg/mL using the Sulforhodamine B (SRB) assay with camptothecin as the positive control. Details were presented in Supporting information. 
